Background: Although extensive caspase-3 activation has been demonstrated in experimental brain ischemia produced in neonatal rat, the role this caspase plays in the focal ischemia of adult brain is not clear, as the levels of caspase-3 in adult rat brain are extremely low. This raises the question whether caspase-3 synthesis and activation are essential for execution of the apoptotic program and DNA fragmentation in permanent brain ischemia, a condition that impairs cellular protein synthesis. Materials and Methods: Rat middle cerebral artery was permanently occluded and histochemical detection of procaspase-3, active caspase-3 and DFF40/CAD and apoptotic morphology analysis were performed at 6, 24, 48, and 72 hours after occlusion. Results: Necrosis and two types of programmed cell death (PCD) are identified in this study of permanent focal brain ischemia. The first type of PCD is represented by active caspase-3 and DFF40/CAD-positive cells. The
Introduction
Apoptosis is an orderly process of cellular suicide. It is usually initiated by the activation of caspases, and produces DNA fragmentation and cell disassembly. Though the sequence of events in the caspase cascade may differ in various tissues, caspase-3 is thought to be tightly linked to the final events in the execution cell death program via specific and extensive apoptotic DNA fragmentation (1) . Caspase-3 initiates apoptotic DNA fragmentation by triggering its target executioner nuclease-a recently discovered caspase-activated deoxyribonuclease (CAD, or DFF 40) (2, 3) . DFF 40 is kept inactive by the binding of an inhibitor (ICAD, or DFF 45). Activation of the nuclease occurs when its inhibitor, ICAD, is cleaved by caspase-3 (4, 5) .
The ability of caspase-3 inhibitors to prevent apoptotic DNA fragmentation and subsequent cell death (6) has led to interest in the development of drugs aimed at controlling the apoptotic process via caspase-3 inhibition (7, 8) .
Ischemic brain represents one of the major targets of such therapies. Indeed, extensive caspase-3 activation was demonstrated to occur throughout the ischemic zone in experimental brain ischemia produced in neonatal rat, 7 days postpartum (9) . However, the role this caspase plays in the focal ischemia of adult brain is not clear, as the levels of caspase-3 diminish markedly 2 weeks after birth, and in adult rat brain are extremely low (10, 11) . This raises the question of how necessary caspase-3 synthesis and activation are for execution of the apoptotic program and DNA fragmentation in conditions of permanent brain ischemia, which impairs cellular protein synthesis.
In our experiments, rat middle cerebral artery was permanently occluded and histochemical detections of procaspase-3, active caspase-3 and DFF40/CAD and apoptotic morphology analysis were performed at 6, 24, 48, and 72 hours after occlusion.
We demonstrate that necrotic and two types of apoptotic cells can be detected in the ischemic zone. Many cells located in the ischemic zone are caspase-3 and DFF40 positive. However, there are also many cells in the ischemic zone that are either morphologically necrotic or display a morphology different from classical apoptosis but characteristic for apoptosislike PCD (12) . They exhibit nuclear fragmentation and formation of apoptotic bodies, but their chromatin condensation is less compact compared to the classical apoptosis and is analogous to lumpy chromatin condensation recently demonstrated in caspase-inhibited apoptotic neurons (13) . Neither caspase-3 nor DFF40 are present in these cells.
This suggests a caspase-3-and DFF40-independent mechanism of execution of PCD with apoptoticlike cell dismantling under conditions of persistent energy depletion. Synthesis and activation of caspase-3 and subsequent activation of DFF40 in these conditions are impaired, whereas apoptotictype cell disassembly with packaging of cellular contents into apoptotic bodies can still occur and proceed in the cells in the core ischemic areas.
Materials and Methods
The animal care and use portion of the following protocol was reviewed and approved by the Institutional Animal Care and Use Committee of the VA Medical Center and the Animal Protocol Review Committee of Baylor College of Medicine. All procedures were carried out with strict adherence to the protocol and the National Institutes of Health animal research guidelines.
Focal Brain Ischemia
All surgical techniques were performed under 2% isoflurane gas anesthesia. Occlusion of the right middle cerebral artery (MCA) was performed in eight, male, Long Evans rats through an incision made midway between the right eye and ear. Using the operating microscope, the right MCA was exposed transcranially via a subtemporal craniotomy without damage to the zygomatic bone. 10-12 mm of the MCA, beginning ventral to the olfactory tract, was permanently occluded using bipolar coagulation.
6, 24, 48, and 72 hours following occlusion, the animals were transcranially perfused with paraformaldehyde and the brains were removed and postfixed overnight. A 2 mm thick coronal block was cut from the center of the MCA territory, beginning ϳ0.5 mm anterior to the optic chiasm and ending ϳ0.5 mm posterior to the optic chiasm. The tissue was embedded in paraffin and cut in 6 m thick sections. Sections used in the current study were taken from the middle area of the tissue block. Each staining condition was repeated in 4 separate sections from each of the 8 animals.
Immunohistochemistry and TUNEL Labeling
Following paraformaldehyde perfusion and postfixation, a 2 mm thick coronal block was cut from the center of the MCA territory, beginning 0.5 mm anterior to the optic chiasm and ending 0.5 mm posterior to the optic chiasm. The tissue was embedded in paraffin and cut in 6 m thick sections. Sections used in the current study were taken from the middle area of the tissue block. The boundaries of the ischemic zone at every time point were visualized using cresyl violet staining.
For staining, brain sections were deparaffinized with xylene, rehydrated in graded alcohol concentrations, and washed in water. Microwave antigen retrieval was performed in 0.01 M sodium citrate, pH 6.0 for 15 min. Cleaved caspase-3 (17 kDa) polyclonal antibody (1:100) (cat#96615 New England Biolabs), caspase-3 p20 and caspase-3 p11 polyclonal antibodies (cat# sc-1225 and sc1224, Santa Cruz Biotechnology, Inc.) (both at 1:50 dilution), and DFF 40 polyclonal antibody (cat# sc1443) (1:100 dilution) were used in the experiments. For cleaved caspase-3 and DFF 40, the signal was visualized using biotinylated goat-antirabbit antibody (1:500) and TSA ™ -direct kit (NEN) and for p20 and p11 by using biotinylated donkey anti-goat antibody (1:50) and streptavidin-FITC.
For the TUNEL labeling, we used the ApoTaq kit (Intergen) as recommended by the manufacturer, with subsequent counterstaining with DAPI (1 g/ ml) to visualize nuclear morphology and apoptotic bodies.
Electron Microscopy
Small pieces of tissues cut from the paraffin blocks were placed in three changes of 100% xylene and then passed through a descending series of ethanols (100%, 95, 70, 50, water) and placed in PBS. The tissue was then fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, washed in 0.1 M cacodylate buffer and postfixed in 2% osmium tetroxide in the same buffer. It was dehydrated in an ascending series of ethanols passed through 3 changes of propylene oxide and then embedded in epon (EMBED 812, Electron Microscopy Sciences). Ultrathin sections (80 nm) were cut with a diamond knife and RMC ultramicrotome. The sections were stained with lead citrate and alcoholic uranyl acetate. They were viewed and recorded on a Hitachi H7000 TEM.
Results
Using immunohistochemical staining for active caspase-3, we detected the cells with active caspase-3 at our earliest time point of 6 hours after the onset of ischemia. These cells were scattered throughout the ischemic zone (Fig. 1A) . At 24 hours, caspase-3 positive cells significantly increased in numbers with a band of heavy staining through the internal capsule and globus pallidus, with scattered clusters of cells in the cortex close to the surface. Detection of both the newly synthesized procaspase-3 and active caspase-3 at this time-point, using three different antibodies, revealed the proenzyme synthesis and subsequent activation in the cells primarily in the internal capsule and globus pallidus, with a clearcut physical boundary between caspase-3 positive and negative cells (Fig. 1B, Fig. 2A-B, D-F) . Cells with the newly synthesized proenzyme formed the membrane. However multiple apoptotic bodies were detected in the area of caspase-3 synthesis and activation ( Fig. 3 A, D) .
After 48 hours of continuing ischemia, caspase-3-positive cells were significantly reduced in numbers (Fig. 1C) . At 72 hours after ischemia onset, the numbers of cells with caspase-3 were reduced even further (Fig. 1D) . DFF-40 expression followed the same pattern (not shown).
Morphological evaluation of DAPI stained sections taken after 6, 24, 48 and 72 hours of permanent ischemia revealed that some cells in the ischemic area displayed clear necrotic morphology (Fig. 4A ). Many others, however, displayed extensive apoptotic body formation (Fig. 5) . Some cells showed features typical of caspase-3 independent PCD such as lumpy chromatin condensation on the nuclear membrane (12, 13) (Fig. 3A' , B', C'). Similar morphology was previously observed in neuronal caspaseindependent apoptosis induced by colchicine treatment ( Fig. 3 right panel) 
Discussion
Although extensive and uniform caspase-3 activation throughout the ischemic zone was demonstrated after brain ischemia in neonatal rat (9) , an adult rat brain has very low initial levels of procaspase-3, and additional synthesis would be required to achieve the levels similar to those in a neonatal rat brain (10, 11) . In support of this notion, is the study of Gill et al., which compared procaspase-3 activity in adult and neonatal models of brain ischemia (14) . They demonstrated that there was no activation of procaspase-3 activity in the cytosolic fraction of the brain tissue obtained from the infarcted area of adult rats, whereas, a large increase in this activity was detected in postnatal-day-7 rats (14) .
In the present study, we demonstrated positive caspase-3 immunohistochemistry in the ischemic same pattern as the cells with active caspase-3. DFF40/CAD nuclease was also detected in the same areas forming an identical pattern of distribution, with a clear-cut boundary between DFF40/CAD positive and negative cells (Fig. 2C) . The clear cut boundary between caspase-3 positive and negative cells could be an indicator of a steep drop in the oxygen concentration on the edge of the caspase-3 positive zone, bringing it below the minimal concentration necessary for maintaining caspase-3 synthesis.
Caspase-3 stained cells did not display welldeveloped morphological signs of apoptosis, probably due to the different dynamics of caspase-3 activation and a later chromatin compaction on the nuclear Fig. 1. Active caspase-3 detection (A, B, C, D) in rat brain after focal ischemia (A-6, B-24, C-48, D-72 hours of ischemia) . Caspase-3 detection (green fluorescence) was performed on 6 m thick brain sections. The sections were counterstained with DAPI (blue fluorescence) to visualize cellular DNA. Active caspase-3 had nuclear localization with scattered cells at 6, 48 and 72 h after occlusion. At 24 h, a band of heavy caspase-3 staining occurred through the internal capsule and globus pallidus with scattered cells in the cortex near the surface. Multiple 10ϫ images were captured using an Olympus IX-70 fluorescent microscope and a MicroMax digital videocamera (Princeton Instruments, Inc. Princeton, NJ, USA). Composite images were created in MetaMorph 4.1 (Advanced Scientific, Inc.). (Bar ϭ 850 m)   Fig. 2. Active caspase-3 (A, B, F) , DFF-40 (C) and procaspase-3 (D, E) synthesis in brain after 24 h of focal brain ischemia. For caspase-3 three different antibodies were used, one detecting the p11 subunit of procaspase-3 (D), another the p20 subunit (E) and antibody detecting active caspase-3 (A, B, F). Consecutive sections were used and all images (A, B, C, D, E) were taken from the same area (the junction of the internal, facing stroke edge of caspase-3 positive zone and the external edge of caspase-3 negative zone inside the frame on A). The images demonstrate a distinct boundary between the zone, where procaspase-3 synthesis and caspase-3 activation takes place (right side of images) and the more internal areas of stroke (left side of images). The tissue was counterstained with DAPI (blue). (Bar on A ϭ 1000 m; bar on C ϭ 100 m (refers to C and B); bar on F ϭ 50 m (refers to D, E, F).
immunohistochemical reports of caspase 3 expression following permanent focal cerebral ischemia in adult rats, although some temporal and anatomical differences exist (15) (16) (17) . Velier et al. examined active caspase 3 staining between 6 hours and 5 days post occlusion (15) . They found some positive staining at 6 hours, and by 24 hours they found clusters of neuronal staining in the cortex. They did not, however, report whether subcortical staining was apparent, as was found in the present study. Krupinski and colleagues sacrificed rats as early as 30 minutes and as late as 4 days post occlusion (16) . They found visible procaspase 3 staining at 30 minutes that was strongest at 12-24 hours, but was still visible at 48 hours. Positive staining was seen in the cortex as well as subcortical areas such as the corpus collosum, striate, thalamus and hippocampus. Sasaki et al measured caspase-3 staining in the core and penumbra of the infarct (17) . They report that caspase-3 staining was strongest in the penumbra at 8 hours post occlusion and was beginning to decline by 24 h after occlusion. These differences in caspase-3 expression are minimal and could well be due to differences in techniques of stroke induction.
In the current study, we demonstrated the pattern of caspase staining in the entire ischemic hemisphere, providing a large-scale perspective unavailable in the previous reports. Such reconstruction permits the assessment of the patterns of caspase-3 activation throughout the brain.
Our data further indicate that, while a number of cells in the ischemic zone upregulate their procaspase-3 and caspase-3 levels with subsequent activation of DFF40/CAD nuclease following permanent focal brain ischemia in adult rats, many others do not. A significant number of cells in the ischemic zone do not express caspase-3, yet only some of them are necrotic, while others display non-classical apoptotic morphology with apoptotic body formation. The presence of this morphology is not accompanied by either synthesis or activation of caspase-3 and DFF-40 activation.
Similar to our data, a delay in the onset, but not a decrease, in apoptosis was observed in NT2 human neuronal cells after caspase-3 inhibition (18) and in cultured neurons from mice lacking caspase-3 (19). ', B' ) after the onset of ischemia in caspase-3 positive and caspase-3 negative areas respectively. Electron micrographs were obtained from paraffin embedded tissue samples used in histochemical experiments. The sample from the present study was taken from caspase-3 negative areas (at 6 and 72 hr of ischemia) (C, C'), re-embedded in resin and processed for electron microscopic evaluation. The rightmost panel images show nuclei of caspase-inhibited neurons undergoing caspase-independent apoptosis after colchicine treatment (from (13) displaying lumpy, highly condensed chromatin structures. Note the similarity to the morphology of ischemia induced caspase-3 independent apoptosis observed in this study, adult rat brain beginning at 6 hours post occlusion, peaking at 24 hours post occlusion, and still somewhat visible at 72 hours post occlusion. The results of this study are generally consistent with other cells may undergo classical PCD, with caspase-3 activation and subsequent cytoplasmic and nuclear condensations and compartmentalization. However, various death routines can be activated following occlusion, resulting in neurons with mixed apoptotic and necrotic morphology (12, 22, 23) .
These variations have prompted some investigators to adopt a more extensive characterization of cell death morphology, which includes different patterns of death (12, (22) (23) (24) . In classical apoptosis, stereotypic apoptotic morphology is present, and includes nuclear chromatin compartmentalization into simple geometric shapes. Caspase activation and the well-defined molecular apoptotic pathways appear critical for this morphology to develop (12, 13) . In apoptosis-like programmed cell death, death signaling pathways result in chromatin compaction into irregular, lumpy geometric shapes. This nuclear morphology can occur in the presence of caspase activation but is commonly seen in caspase-independent apoptosis, and is often mediated by other proteases (13) . This is the apoptotic morphology seen in the caspase-negative areas in the present study. Necrosis-like programmed cell death generally occurs in the absence of caspase activation and occurs without chromatin compaction. Execution of the necrotic cell death program may be due to PARP or Fas signaling (25, 26) . Accidental necrosis is purely stimulusdriven and is characterized by cellular edema and organelle swelling (12) .
Our data indicates that in conditions of persisting ischemia, many cells display some morphological markers of apoptosis and self-dismantle in apoptotic-like fashion with chromatin condensation and apoptotic body formation, but without caspase-3 synthesis and activation. However, in other cells, caspase-3 synthesis and activation do occur.
The fact that ischemic brain cells, having no active caspase-3, can still proceed to apoptotic death contributes to an understanding of the limited efficacy of anti-ischemic drugs targeting caspase-3, and is an important phenomenon to consider when developing therapeutic strategies to control ischemiainduced apoptosis. The results of this study suggest that the suppression of caspase-3 synthesis and activation in treatment of ischemic brain injury may meet with only modest success, because an alternative pathway or pathways to apoptotic cell death can be activated in focal brain ischemia.
Additionally, in normal mouse neurons driven to apoptosis, the partial protective effect of caspase-3 inhibition is not seen beyond 24 hr, suggesting that caspase-3 inhibition delays but does not prevent apoptotic cell death (19) .
It is possible that the role caspase-3 plays in apoptosis of brain cells depends on the physiological situation. A specific feature of adult rat brain is that under normal conditions, its cells maintain very low levels of procaspase-3 (10, 11) . In order to execute an apoptotic program and to disassemble itself, the brain cell needs to perform caspase-3 synthesis requiring energy expenditures. In this regard, ischemia induced apoptosis faces unusual demands, as it occurs in cells often depleted of energy. Though a short period of ischemia is sufficient to prime cells to undergo programmed cell death (20) , there is a substantial difference between the apoptotic process only primed by an ischemic episode and occurring in conditions of restored oxygen supply, and apoptosis developing under conditions of persistent energy depletion.
Nevertheless, caspase-3 is highly inducible by various factors, including ischemia. Permanent middle cerebral artery occlusion in rat results in a rapid activation of procaspase mRNA expression, with a 41% increase at 6 hours and a 220% increase by 24 hours (21) . However, as we have shown, this activation does not occur in all cells that appear to undergo apoptosis.
It is now apparent that cell death can take many paths following cerebrovascular occlusion, and that these varied paths result in variations in neuronal morphology (22, 23) . Following occlusion, some 
